The variation of the phase-separation temperature (Td) was studied in lenses during formation of cataracts induced by a subcutaneous ihfection of sodium selenite. In normal control animals, the Tc decreased monotonically with increasing age. Approximately 2 days after administration of the selenite the T, decreased sharply to a minimum, and then at day 4 the Tc increased dramatically toward body temperature. Mature irreversible cataracts formed -6 days after injection of the selenite. (18) (19) (20) (21) . The effect of WR-77913 on x-ray cataract was not entirely unexpected because the amino phosphorothioates are believed to behave as free-radical scavengers (17). The inhibition of the x-ray cataract could be explained as protection against oxidative damage to lens cells caused by free radicals as well as an effect on T, (17, 22) .
Tc. The results confirm that Tc is a sensitive measure of early changes in the lens and that opacification associated with abnormal variation in Tc can be prevented in vivo by using a phase-separation inhibitor.
Phase transitions are intriguing phenomena in physical sciences and engineering where they are associated with dramatic alterations in the properties and microstructure of materials such as alloys, liquid crystals, and polymers. In contrast, phase transitions are rarely studied with respect to altered tissue microstructure produced in association with pathological biomedical conditions. Using techniques of quasi-elastic laser light scattering spectroscopy, Tanaka and Benedek (1) and Tanaka et al. (2) found that the transition from the normal transparent lens to a cataractous lens in vitro resembled a protein-water phase separation. Experimental determination of the phase diagram for lens cytoplasm in vitro confirmed that lens cell structure was isotropic and transparent above a defined temperature, the phaseseparation temperature (Tc). Below Tc two separate cytoplasmic phases were responsible for light scattering and opacification (3, 4) . Normally, Tc in lens cells is well below body temperature, and an abnormal increase in the Tc toward body temperature is a fundamental feature of the earliest stages of opacification in several animal models for cataract formation (5) (6) (7) (8) (9) .
Cataract is a leading cause of blindness worldwide (10) (11) (12) . Currently the only treatment for cataract is surgical removal of the opacified lens, although alternative approaches to the control of cataract formation may be possible by understanding the thermodynamics and physical properties of protein aggregation and opacification at the molecular level (1) (2) (3) (4) (13) (14) (15) (16) . Several phase-separation inhibitors (PSI) that modify molecular interactions were found to maintain low Tc and inhibit opacification in vitro (13, 15) . These first PSI were simple but nonphysiological chemicals that were useful only in vitro. Several years later the amino phosphorothioate WR-77913, a radioprotective agent (17) , was found to inhibit phase separation in vitro (-290C/mol) and inhibit x-ray cataract (18) (19) (20) (21) . The effect of WR-77913 on x-ray cataract was not entirely unexpected because the amino phosphorothioates are believed to behave as free-radical scavengers (17) . The inhibition of the x-ray cataract could be explained as protection against oxidative damage to lens cells caused by free radicals as well as an effect on T, (17, 22) .
It was not anticipated that WR-77913 would prevent cataract produced by selenite. In contrast to the x-ray cataract, T, was reported to decrease rather than increase in the selenite cataract (23) . Selenite-induced opacity was associated with lenticular accumulation of calcium (24, 25) rather than free-radical formation. Oxidation of protein sulfhydryls was observed in the late stages of cataract formation (24, 26, 27) , although oxidation of epithelial cells may be important at earlier stages of cataract formation. The differences between the x-ray and selenite mechanisms make the selenite model an interesting test for the effectiveness of WR-77913 as a PSI in vivo. In this report we show a remarkable observation: the chemical inhibition of abnormal changes in Tc, in vivo, is sufficient for the effective prevention of selenite cataract in rats. While it is possible that the properties of WR-77913 as a PSI may have nothing to do with its mode of action in preventing selenite cataract, we present direct evidence that reagents acting in vivo on a cytoplasmic phase separation have the potential to control and prevent formation of cataract. Fig. 2 ). The T" was measured immediately.
MATERIALS AND METHODS
T, was measured by using laser transmittance as described (5 Melles Griot (San Marcos, CA) He-Ne laser beam. The optical axis ofthe lens was oriented parallel to the laser beam, and the beam was directed through the center of each lens, which was immersed in silicone oil in the sample chamber. The transmitted light was measured using a PIN 10-D photodiode (United Detector Technology, Santa Monica, CA). The transmitted intensity, I, of the laser beam was measured over a temperature range of -100C to +450C. Ir, was calculated as intensity, I, transmitted at any temperature divided by the maximum transmitted intensity, I,.; I,, = '/Imax Ire, was plotted against temperature to determine the T, (see Fig. 3 ). It is important to allow the sample to equilibrate at each temperature before recording the intensity. The transition from transmittance = 0.0 (opaque) to 1.0 (transparent) occurred over a narrow temperature range, and the temperature at which transmittance = 0.5 was defined as TC .
RESULTS
The injection of sodium selenite at 3.28 mg/kg into 14-day-old rats resulted in very dense mature nuclear cataracts after 6 days (24, 27, 29) . Animals that received the PSI, WR-77913, were protected against cataract induced by selenite ( Fig. 1) . One set of lenses removed -4.5 days after treatment and before a mature cataract formed in the living animal are shown in Fig. 2 . At 50C, all lenses were completely opaque because the Tc of the lenses was well above 50C. When the lenses were warmed to 30'C, only the lens from the selenitetreated animal (Fig. 2 , lens C) had a Tc higher than 30'C and retained a dense nuclear opacity. The T, of the control lens was -260C (Fig. 2, lens A) . The Tc of the lens from the WR-77913-treated rat was 250C (Fig. 2, lens B) . The Tc of the lens from the selenite-treated rat was 320C (Fig. 2 , lens C). The Tc of the lens from the rat that received selenite and WR-77913 was 240C (Fig. 2, lens D) . Occasionally a slight opacity, which was not reversed with temperature, was seen in lenses from animals administered WR-77913 and selenite (see Fig. 2 , lens D).
Two forms of opacity were observed in the selenite model. Opacity that characterized the early stages of cataract formation, before day 5, occurred at a specific Tc and was completely reversible at temperatures above Tc. Under these experimental conditions, a very dense central cataract appeared on day 5 and expanded to involve the entire nucleus by days 6 and 7 as described (23) . The appearance of the lenses from animals in each group was documented with an anterior view (Upper) and a slit lamp photograph (Lower) using a Nikon photo slit lamp. Animals were anesthetized using a brief exposure to ether before photographs were taken. The pupils were dilated with an equal mixture of 5% Neo-Synephrine (Winthrop Laboratories, Thornwood, NY) and 0.5% Mydriacyl (Alcon, Fort Worth, TX). Biophysics: Clark Fig. 4 . The change in Tc, ATc, was defined as ATc = Tc(t) -Tc(O) i.e., the lens Tc at day t after injection of selenite minus the lens Tc at day 0, the start time of the experiment. The lens Tc at the start of the experiment was =290C, although slight differences in litter age and animal size result in a variation in T, of 0.5-1.50C. Plotting the ATc in Fig. 4 , rather than the absolute value of Tc, allowed a direct comparison of the change in Tc with time in the different experimental groups. In normal control rats, lens Tc decreased each day at a rate ofapproximately -0.70C/day (r = 0.83) (Fig. 4A) . In rats that received WR-77913 only, lens Tc decreased approximately -0.90C/day (r = 0.78) (Fig. 4B) , which is very similar to the controls. In rats administered selenite (Fig. 4C) , lens Tc decreased normally for about 48 hr and then decreased sharply, at a rate of -4.00C/day (r = 0.99), to a minimum at day 3.7. The decrease was followed by a dramatic increase in Tc of +6.00C/day (r = 0.91)just prior to the appearance ofthe permanent cataract in the living animal on day 5 (Fig. 4C) . Occasionally, cataract formation advanced much more rapidly than expected in a selenite-treated animal. An example is seen in Fig. 4C on day 4.7, when two lenses (indicated by "x") had a AT, = +9°C and all other lenses had a mean ATc = +1°C.
The early decrease and steep rise in Tc found in selenitetreated animals were not observed in animals receiving WR-77913. In lenses of rats treated with WR-77913, TC changed approximately -1.50C/day (r = 0.93) (Fig. 4D) . A very small number of rats in group D treated with WR-77913 formed irreversible cataract. These are labeled "x" in Fig.  4D . The numerous experiments in which inhibition was observed suggest that the rare example of nonprotection is due to improper administration or delivery of the PSI rather than inactivity. All groups were observed for 60 days, and the clarity of the lenses in groups A, B, and D remained unchanged. Overall (18) (19) (20) , the effect of these reagents on Tc in vivo was not reported.
Quantitative biodistribution studies found that WR-77913 is present in the lens at very low levels (20, 30) , and this observation is consistent with the absence of an effect on lens Tc in the animals of group B treated with WR-77913 only. In vitro the change in Tc is only -29°C/mol of WR-77913. The levels of WR-77913 reported in whole lenses in vivo are <100 ,ug/g of lens tissue (20, 30) . The PSI would need to be 100 to 1000 times stronger or more concentrated to decrease Tc in vivo. Of course it is possible that the biodistribution studies did not measure the active form of the amino phosphorothioate, WR-77913. For example, WR-77913 is dephosphorylated in cells. The transfer of phosphate to a lens constituent may initiate a metabolic process that protects against the cataractogenic effects of selenite. In such a mechanism, the biodistribution studies using HPLC (30) Tc provides a general measure of molecular interactions between cell constituents during the earliest stages of cataractogenesis. In fact, many physiological mechanisms can produce a change in Tc. The in vivo effectiveness of WR-77913 at low lenticular concentrations indicates that the site of PSI action may be a specific lens cell constituent that is present at a low concentration, such as y-crystallin. Previous reports support y-crystallin as a major determinant of the Tc in lens cytoplasm (31) . Alternatively, the dephosphorylated form of WR-77913 is expected to be much less hydrophilic than the phosphorylated form and may accumulate in membranes, to protect against loss of membrane function induced by selenite (32) . Another possibility in the selenite model is that WR-77913 interacts directly with selenite in the aqueous humor and lens epithelium to prevent initiation of cataract. More information on the in vivo distribution ofWR-77913 will be useful in understanding the metabolic and biochemical effects of WR-77913. The present results show the effects of the in vivo administration of WR-77913 on abnormal Tc, which is a measurable indicator of molecular events leading to lens opacity.
Our findings indicate that a PSI may not need to lower the lens Tc to protect against cataract. A delay or inhibition of opacification can be accomplished simply by maintaining normal Tc in lenses that are exposed to cataractogenic agents. WR-77913 may represent a highly desirable category of pharmacologically active reagents that inhibit the pathological events leading to cataract without altering the normal properties of the transparent lens. Recent findings show that PSI are active when administered several hours before or after initiation of a selenite cataract. At the doses used, 10* 8 6 4. Proc. Natl. Acad. Sci. USA 89 (1992) administration of WR-77913 after day 1 did not change the cataractogenic action of selenite (unpublished results). The present results suggest that a PSI may be effective for prevention of cataract only when administered during the earliest stages of cataract formation and not for reversal or treatment of the more advanced states of cataract.
The results of this study establish a link between T, and the biochemical pathway for formation of selenite cataract. In the x-ray model, the abnormal behavior of T, is a measure of opacity associated with free-radical formation and the consequent oxidative damage to transparent lens cells (7) . In the selenite model, T; is a measure of the early stages of opacification associated with dramatic changes in calcium levels and proteolysis (25, 26) . As noted by Shearer et al. (23) , the sharp decrease in Tc was an unusual characteristic of the selenite cataract, and this observation was confirmed by our measurements. Our observation of a rapid increase in Tc following the sharp decrease in T, may indicate that two separate molecular events determine the behavior of Tc during formation of selenite cataract. We suggest that the decrease in Tc may be a measure of altered membrane functions allowing localized cytoplasmic hydration to change the protein concentration and lower Tc. The influence of water on Tc is shown in phase diagrams for lens cytoplasm (3, 4) . The subsequent increase in Tc may be a measure ofthe rise in calcium prior to opacification (32) . Although there is no direct calcium effect on Tc of intact rabbit lenses (33) or purified yIv crystallins (31) , calcium may influence molecular interactions in lens cytoplasm when accompanied by changes in ionic strength and pH (34, 35) of the cytoplasm during formation of protein aggregates (36) (37) (38) . Obviously, endogenous metabolites in lens cytoplasm contribute to the observed shifts in lens Tc (39) . We must consider the possibility that the products of metabolic pathways in lens cells are important for maintenance of normal Tc. Indeed, it was recently reported that ascorbate, an endogenous metabolite in lens cells and an effective PSI (39), had a preventative effect on the selenite cataract (40) . Abnormal changes in the metabolite concentration resulting from alteration in normal metabolism may produce a measurable effect on Tc and be preventable by the action of PSI. Our findings suggest that opacification resulting from a number of biochemical pathways can be measured by a change in Tc, which is very sensitive to molecular interactions that produce light scattering and opacification (2, 3, 18, 41, 42) .
To understand the molecular basis for the effects of PSI, the thermodynamics of lens cell opacification need to be considered. Tc is a measure of the thermodynamic properties of the cell cytoplasm and is a function of an enthalpy term and a temperature-sensitive entropy term (2) . The molecular interactions influencing these thermodynamic parameters can be studied by using chemical probes that act to maintain Tc and the transparency of the lens cytoplasm (13, 15, 16, 18, 19, (41) (42) (43) . For example, the action of glycols, which decrease lens Tc in vitro, was found to involve hydrogen bonding (41 
